Common grade 3/4 adverse events included hypertension (20 %; N = 13), fatigue (17 %; N = 11), abdominal pain (17 %; N = 11), and elevated alkaline phosphatase (15 %; N = 10). among the 65 evaluable patients, the 6-month survival rate was 29 % (95 % CI 18-41 %) and the median progression-free survival was 2 months. Fifteen patients survived 6 months or more. two patients had objective partial responses, and 28 % of patients had stable disease. Changes in biomarkers including soluble VegF and vascular endothelial growth factor receptor did not correlate with response to drug. Conclusion Vatalanib was well tolerated as a second-line therapy and resulted in favorable 6-month survival rate in patients with metastatic pancreatic cancer, compared with historic controls.
Introduction
Pancreatic adenocarcinoma remains one of the deadliest cancers, with an estimated 43,920 new cases and 37,390 anticipated deaths in the United States 2013 [1] . Only a few patients are diagnosed early enough to be considered for a definitive surgery and those only 15-20 % live up to 5 years [2] . For patients with advanced and metastatic disease, the median survival remains between 6 and 11 months. the first active chemotherapy agent to be approved for metastatic disease, gemcitabine, has a response rate of about 10 % and a median survival of 6.5 months. numerous trials investigating combinations of gemcitabine with other chemotherapeutic agents failed to prove beneficial with respect to overall survival. Most recently, a combination of nab-paclitaxel and gemcitabine has been shown to be more active than gemcitabine alone, with median OS of 8.5 versus 6.7 months [3] . a multidrug combination of FOlFIrInOX has demonstrated considerable activity in a population of younger and fit patients (median OS of 11.2 months) but with some considerable toxicity [4] . In the second-line therapy setting, options are even more limited in terms of available and effective therapies [5] . angiogenesis, the process by which new capillary blood vessels extend from established blood vessels creating additional vascular supply, is an essential feature of all solid tumors allowing growth beyond a limiting size by facilitating delivery of nutrients to the tumor and removal of waste products (reviewed in [6] ). Pancreatic tumors express high levels of vascular endothelial growth factor (VegF), VegF receptors, and other angiogenic regulators. this aberrant expression may be due to the complex pancreatic cancer microenvironment which is highly hypoxic and characterized by extensive stromal proliferation, with >80 % of the tumor mass consisting of desmoplastic stroma composed of endothelial cells, fibroblasts, immune, and endocrine cells that secrete growth factors and cytokines [7] [8] [9] .
Vatalanib, 4-chlorophenyl-(4-pyridin-4-ylmethylphthalazin-1-yl) amine succinate, is an orally active pantyrosine kinase inhibitor with high receptor binding affinity for all known vascular endothelial growth factor receptor (VegFr)-and platelet-derived growth factor receptor (PDgFr)-tyrosine kinases and also inhibits receptor for stem cell factor (c-Kit) and colony-stimulating factor 1 receptor (c-Fms) [10] . Several phase 1 and phase 2 studies have investigated the single agent and combined activity of vatalanib in a variety of solid tumors; however, no previous clinical studies have investigated vatalanib in pancreatic adenocarcinomas. In preclinical orthotopic pancreatic models, vatalanib has significant anti-tumor activity and is correlated with decreased microvessel density [11, 12] . Because vatalanib targets multiple targets implicated in pancreatic tumor survival and angiogenesis and shows promising preclinical activity, we hypothesized that it may have clinical benefit in pancreatic cancer.
One of the clinical challenges in the development of vatalanib has been optimization of the dosing schedule. thomas et al. [13] reported their experience with twice a day (BID) dosing of vatalanib in patients with advanced solid tumors. the authors reported favorable toxicity profile with doses up to 750 mg BID daily. Interestingly, the BID dosing resulted in lower C max values but higher trough levels. the trough levels plateau was seen at and above the 500 mg BID dose level. there was evidence of early accumulation of the drug that leveled off after day 14, suggesting a role for ramp-up in dosing schedule. In the current study, we implemented a ramp-up over the first 2 weeks starting at 250 mg BID, up to 500 mg BID in the second week, and in patients experiencing no drug-related toxicity, up to 750 mg BID in the third of week and thereafter.
Soluble biomarkers in plasma and serum have been implicated as potential pharmacologic biomarkers for anti-angiogenic agents. results from two phase 1 trials in patients with colorectal cancer reported changes in plasma VegF-a and bFgF correlated with one course of >1,000 mg dose of vatalanib, with only changes in plasma VegF-a being significantly correlated with disease status [14] . In two phase 3 studies of vatalanib and chemotherapy in patients with colorectal cancer serum lactate dehydrogenase (lDH) appeared to correlate with longer progressionfree survival (PFS), implicating lDH as a possible predictive biomarker of vatalanib [15, 16] . Prior clinical studies have also suggested that DCe-MrI may be a useful as imaging marker for monitoring response to vatalanib [14, 15, 17] . In the current study, we investigated soluble angiogenic factors, cytokines, serum lDH, and DCe-MrI as potential predictive markers.
Patients and methods
eligibility criteria eligible patients were required to be 18 years of age or older with histologically or cytologically diagnosed pancreatic adenocarcinoma that was measurable or evaluable as determined by reCISt criteria, Zubrod performance status of 0-2, absolute neutrophil counts ≥1.5 × 10 9 /l, platelets ≥100 × 10 9 /l, hemoglobin (Hgb) >9 g/dl, serum creatinine <1.5 the upper limit of normal (Uln), serum bilirubin <1.5 Uln, aspartate aminotransferase (aSt/SgOt)/alanine aminotransferase (alt/SgPt) <3.0 X Uln (<5 × Uln if liver metastases present), no proteinuria based on dipstick reading, or positive for protein on dipstick reading the total urinary protein <500 mg and measured creatinine clearance (CrCl) >50ml/min for a 24-h urine collection. all patients 1 3 were required to have a life expectancy >12 weeks. Patients must have failed or progressed on prior gemcitabine-based therapy for advanced or metastatic disease (includes a combination of gemcitabine with another chemotherapy or biologic drug). Failure/progression was based on clinical assessment per the investigator's discretion. Patients deemed unable to tolerate gemcitabine-based therapy were also eligible. Written informed consent was obtained in compliance with federal and local regulatory guidelines. exclusion criteria included islet cell or neuroendocrine carcinomas of the pancreas, history of presence of central nervous system (CnS) disease (i.e., primary brain tumor, malignant seizures, CnS metastases or carcinomatous meningitis), and pleural effusion or ascites that causes respiratory compromise (>CtCae 3.0 grade 2 dyspnea). no other prior malignancy was allowed except for the following: (1) adequately treated basal cell or squamous cell skin cancer, (2) in situ cervical cancer, (3) adequately treated stage I or II cancers from which the patient is currently in complete remission and off any anticancer therapy for at least 2 years, or (4) any other cancer from which the patient was disease free for at least 5 years. no prior chemotherapy <21 days, prior biologic or immunotherapy <14 days, or prior full-field radiotherapy <28 days or limited field radiotherapy <14 days prior to registration was allowed. Patients must have recovered from all therapy-related toxicities. the site of previous radiotherapy should have evidence of progressive disease if this is the only site of disease. Major surgery (e.g., laparotomy) <28 or minor surgery <14 days prior to registration was not allowed. Minor surgery was defined as any surgery which did not require general anesthesia. Insertion of a vascular access device was not considered major or minor surgery in this regard. Patients were required to have recovered from all surgery-related toxicities. Patients who had received investigation drugs <28 days prior to registration, or prior therapy with antiVegF agents, were excluded. all study participants provided written informed consent. treatment plan this was a multicenter phase II study conducted by the Pancreatic Cancer research team (PCrt) at eight clinical sites in the USa. all patients received vatalanib orally, twice daily. a cycle was defined as 28 days. a ramp-up dosing design was used in the first cycle, with patients receiving 250 mg bid for week one, 500 mg bid week 2, and 750 mg bid (full dose) week 3 and thereafter.
Dosing modifications the established full dose was 1,500 mg/day (after rampup phase), with two dose de-escalation levels: 1,000 and 750 mg/day. In case of grade 3 or higher study drug-related toxicity, the treatment was discontinued for 1 week. the treatment was then resumed at the lower dose level (−1, 1000 mg/day) provided toxicity improved to grade 2 or lower. If the patient experienced another episode of grade 3 or higher non-hematological toxicity, the dose was further decreased another dose level (−2, 750 mg/day). Further dose reductions were not allowed.
Safety assessment adverse events were graded according to the nCI CtCae3.0. Pre-treatment assessment included: physical examination, chemistries, and complete blood counts, urine dipstick, and imaging study within 28 days from treatment start. repeat physical examination, toxicity checks, and laboratory evaluations were done weekly during the 4-week ramp-up period an every 28 days thereafter. restaging computerized tomography (Ct) of chest/abdomen and pelvis was performed every 8 weeks.
efficacy assessments radiographic assessment (Ct scan with contrast) of response was carried out at baseline and every 8 weeks (=2 cycles) for patients continuing on study. reCISt 1.1 criteria were used for response determination [18] .
Soluble protein assessment
Blood was collected at baseline and following the first cycle of treatment (28 days) in heparin-coated tubes and immediately spun at 3000×g for 15 min to isolate the plasma layer. Plasma was stored at −80 °C until time of analysis. Patient plasma was assayed for: VegF-a, VegF-C, VegF-r1, VegF-r2, platelet-derived growth factor beta heterodimer, (PDgF-BB), osteopontin (OPn), angiopoietin 2 (ang-2), interleukin-6 (Il-6), and soluble interleukin six receptor (sIl-6r) (Searchlight, Pierce Biotechnology Multiplex elISa and Il-6 and sIl-6r using r&D Systems). Serum lDH levels were analyzed in the local commercial clinical laboratories.
Dynamic contrast-enhanced MrI
DCe-MrI was performed on a 1.5-t MrI scanner (ge) using an eight channel phased array coil (ge). DCeMrI data were collected from subjects who repeated a "breathe-in, breathe-out, and hold" pattern, with the imaging occurring during each held-expiration period. Prior to the dynamic portion of the scanning, four pre-contrast three-dimensional gradient recalled echo (3D-gre) images were obtained at flip angles of 15, 23, 30, and 60° so that a pre-contrast t1 map could be calculated in each case. Parameters for the 3D-gre imaging were, 12 slices reconstructed to a matrix size of 256 × 256, slice thickness = 5 mm, tr = 5.0 ms, te = 2.1 ms, and α = 30°. after 1-2 pre-contrast images had been acquired as a baseline and to ensure adequate image quality, gadolinium contrast (Omniscan®, ge Healthcare) was injected at a dose of 0.1 mmol/kg at a rate of 4 ml/s using a power injector (Mallinckrodt Cincinnati, OH), followed with a 20-ml saline flush injected at 4 ml/s. Pixel-by-pixel pharmacokinetic analysis of DCe-MrI data was performed using a two-compartment model [19] . Prior to pharmacokinetic analysis, sequential elastic registration was performed on the DCe-MrI images to reduce misregistration arising from inconsistent breathholding, as described previously [20] . three physiologically relevant parameters were calculated for each pixel, the volume transfer constant (K trans ), volume fraction of the extravascular extracellular space (v e ), and plasma volume fraction (v p ), by fitting image data to the following equation [19] :
where C p (t) is the arterial input function (aIF) calculated from a region-of-interest (rOI) placed over the descending aorta, and C t (t) is the volume-averaged concentration of the contrast agent in a pixel. C t (t) was calculated assuming a linear dependence of signal enhancement on the concentration of contrast agent, from the known in vitro longitudinal relaxivity of the contrast agent. the images were captured at baseline (within 7 days from the first dose) and 24 h following first dose. Statistics the primary outcome measured was 6-month survival rate. Other objectives included PFS, toxicity, and response rate. exploratory analyses included changes in circulating angiogenic factors, serum lDH, and DCeMrI. Pre-and post-therapy serum lDH baseline levels were correlated with PFS using log rank test and compared with response categories using the Wilcoxon rank sum test. the cutoff for high/low serum lDH levels was 190 U/l. Soluble plasma protein markers were analyzed using descriptive statistics including calculation of the average, standard deviation, and mean for each protein at each time point. to investigate the correlation between proteins at baseline values, the Spearman correlation was used. to investigate the association between survival and changes in soluble protein expression at baseline and end of cycle one, the Cox proportional hazard model was used.
Results

Patient population
Patient characteristics are detailed in table 1. the first patient was enrolled on December 2, 2005, and the accrual was completed on January 16, 2008 (67 patients enrolled, 65 received study drug). Median age at registration was 64 years, and patients had a median of one prior treatment regimen (range one to four). Of the 65 evaluable patients, 92 % had distant metastatic disease with the remainder having locally advanced disease. thirty patients (46 %) had Zubrod performance status of 0, 32 patients (49 %) had performance status of 1, and three patients had performance status of two. Sixtyfive patients began treatment, and 62 patients had discontinued treatment at the time of the final analysis, due to progression (N = 35), toxicity/side effects/complications (N = 18), refusing further treatment (N = 6), death (N = 1), or other reasons (N = 2). two patients were taken off study without receiving any protocol treatment and are considered not analyzable for survival, response, or adverse events. Fifty-five patients had died at the time of analysis, including the two patients that never received study treatment. Median treatment duration was 6.5 weeks (range 0.1-39 weeks).
Safety and toxicity the most common adverse events (all grades) included fatigue, nausea, hypertension, abdominal pain, and liver function test elevations. Significant adverse events (≥grade 3) occurring in at least 10 % of patients are outlined in table 2. all treated patients were evaluated for adverse events. grade 2 toxicity attributable to study agent was experienced by 32 % patient, 43 % had grade 3, and 12 % had grade 4 maximum toxicity. Hypertension and fatigue were the most common severe (grade 3 or higher) toxicities that were attributable to study treatment, occurring in 20 and 17 %, respectively, of treated patients. Forty-nine different serious adverse events (Sae) were recorded, representing a total of 76 adverse events in 34 unique patients. twentythree of these 76 adverse events were determined to be possibly or probably related to treatment, with the remaining 53 Saes unlikely or unrelated to treatment. none of the 14 deaths that occurred during or within 30 days of discontinuation of study treatment were attributed to study drug. nine were related to disease progression, one each to lung infection and multi-organ failure, and three to other causes. efficacy treatment efficacy data are summarized in table 3. the primary outcome of this study was the 6-month survival rate. among the 65 treated patients, the 6-month survival rate was 29 % (95 % CI 18-41 %) (Fig. 1a) . there were 15 patients who survived 6 months or more. Progression-free survival at 6 months was 8 % (Fig. 1b) .
Correlative studies no significant difference in the baseline serum lDH levels was observed for different response categories (Pr or stable vs. progressive disease, Wilcoxon rank sum, p = 0.75). there was a significant correlation observed between baseline lDH levels and 6-month survival (p = 0.01), but not PFS (p = 0.46) (Fig. 2) . Soluble angiogenic and cytokine levels were analyzed in a total of 37 paired samples (Fig. 3) . Because many of these proteins are regulated by overlapping signaling pathways, we looked for correlations between protein expression at baseline. Correlations were observed between VegF-C and VegF-r1 (p = 0.0496); VegF-C and VegF-a (p = 0.0092); PDgF-BB and ang-2 (p = 0.0-003); Il-6 and ang-2 (p = 0.0218); and Il-6 sr and OPn (p = 0.005). Only baseline Il-6 was predictive for survival, with lower Il-6 values associated with longer survival (p = 0.0227). the changes in protein levels post-treatment were not predictive of survival.
DCe-MrI studies were conducted in three patients, all of whom were on 250 mg twice daily dosing at the time of analysis. First, the baseline mean K trans value was established for each patient prior to treatment, and the DCe-MrI study was repeated 24 h after the first drug dose. While in two patients there were no significant changes post-treatment, in the third patient there was a decrease in the mean K trans value 24 h after the first dose of vatalanib (Fig. 4) .
Discussion
Single-agent gemcitabine has been the mainstay of systemic treatment for advanced pancreatic adenocarcinoma for more than a decade. the addition of erlotinib to gemcitabine in the first-line setting added a statistical, but clinically modest overall survival benefit in unselected patients compared to gemcitabine alone [21] . after many negative combination trials, two recent front-line combination regimens have shown significant improvement in overall survival over single-agent gemcitabine in randomized phase 3 trials and may be regarded as standard of care for appropriate patients [3, 4] . although most clinicians offer second-line chemotherapy to patients with preserved performance status who progress on front-line therapy, so far there is a paucity of level one evidence for efficacy of systemic therapy after prior chemotherapy failure in this disease. a recent review of the literature identified a trend for survival benefit for patients receiving treatment with systemic therapy compared to best supportive care (BSC) [22] . although randomized data are lacking, the summary of the available trials appears to favor a combination of platinum with either fluoropyrimidines or gemcitabine [22] . However, only a fraction of patients progressing on first-line treatment are able to receive subsequent therapy, and thus, the results of small phase 1 and 2 trials need to be evaluated with caution.
One of the major problems in drug development for advanced pancreatic adenocarcinoma has been the difficulty to accrue sufficient patient numbers to draw meaningful conclusions. this need clearly has to be addressed through multi-institutional efforts, as recently reviewed in the Journal of Clinical Oncology [23] . the feasibility of large multi-institutional trials in the USa was recently demonstrated in the MPaC trial (Metastatic Pancreatic adenocarcinoma Clinical trial), which enrolled over 800 patients with untreated metastatic pancreatic carcinoma, and established the superiority of nab-paclitaxel plus gemcitabine over gemcitabine alone in this setting [3] . Similarly, large randomized trials are lacking thus far in second-line setting, and very few phase three studies have been reported. the german COnKO Study group published the results of a phase 3 trial comparing the combination of oxaliplatin, 5FU, and leucovorin ("OFF" regimen) with BSC; the trial was closed after 46 patients due to poor accrual, but reported 9.9 month OS in geM-OFF arm [24, 25] .
the current study was undertaken based on convincing preclinical data on the efficacy of multi-kinase target inhibition (mainly of the VegF pathway) in pancreatic adenocarcinoma models [11, 12] . the "ramp-up" dosing schedule was selected to optimize trough drug levels, based on previous phase 1 experience [13] . the observed 6-month OS rate of 29 % (the primary endpoint) is consistent with historical single-agent efficacy in the second-line setting for pancreatic adenocarcinomas: a summary of 29 previous trials reported on average a PFS and OS of 1.6 and 5.3 months, respectively [22] . Doublet platinum containing regimens have slightly higher PFS and OS of 4 and 6 months, respectively, but multi-agent chemotherapy studies are more toxic and the modestly better results are likely influenced by selection bias, different definitions for progression, etc.
[22]. also, it is noteworthy that the majority of the previous trials have been single-and oligo-institutional studies with relatively few patients on each trial [22] , which might further explain the differences observed between our trial and historical data [26] . the main adverse events observed, hypertension and fatigue, are well described with VegF-r targeting small molecules and generally manageable [27] .
the correlative studies in our trial examined the role of lDH, and a number of serum cytokines implicated in the VegF pathway, as potential predictive markers for vatalanib. While serum lDH levels did not correlate with PFS, implicating lDH is not predictive of response to vatalanib, we did observe a significant correlation between lDH and survival at 6 months, confirming the prognostic value of this marker, which has been also reported in other solid tumors [28, 29] . Higher lDH levels were associated with longer PFS in exploratory analyses of a previous trial of vatalanib in colorectal carcinoma [16] . However, the COnFIrM-1 trial combined vatalanib with a chemotherapy backbone (FOlFOX4), the association with PFS was retrospective, the drug combination was assessed in the Fig. 2 Overall and progression-free survival in patients stratified by high and low serum lDH level first-line setting, included patients with a different malignancy (i.e., colorectal carcinoma), using a once daily dosing of 1,250 mg of vatalanib, and included a total of 1,168 patients, thus potentially explaining the different results compared to our study [16] .
In a subset of 37 patients with available serum samples for angiogenic factor analysis, only pre-treatment Il-6 levels correlated with survival, while none of the factors measured pre-or post-treatment predicted for response to vatalanib. Higher levels of Il-6, a pleiotropic cytokine with pro-inflammatory properties, have been associated in patients with pancreatic adenocarcinoma with worse outcomes and correlated with poor performance status and weight loss in a previous study [30] . thus, our study confirms the previously described role of Il-6 and lDH as potential prognostic markers in pancreatic adenocarcinoma. However, none of the serum angiogenic factors measured in our patients had predictive value. It is also likely that our study was not adequately powered to detect potentially small changes in serum markers tested.
With the emergence of ever more anti-angiogenic therapies [27] , the search for useful markers of response and resistance to such therapies has been a very active area of research, and the current challenges in identifying and validating appropriate candidates have been discussed elsewhere [31] .
While the majority of clinical benefit seen with vatalanib was due to disease stabilization, we did observe objective tumor responses in two patients. In addition, one of three tumors with available DCe-MrI data showed an early decrease in the mean K trans value, suggesting intratumoral perfusion changes in patients as early as 24 h after the first vatalanib dose. these clinical and radiographic observations implicate a possibility of real clinical benefit in a subset of patients. recent paper that reviews the outcomes of pancreatic cancer gene sequencing underscores the heterogeneity of molecular pathway disruption in pancreatic cancers [32] . Perhaps, it is not surprising then that two large phase 3 trials evaluating addition of bevacizumab to gemcitabine-based chemotherapy in patients with metastatic 
Fig. 3
Soluble protein expression in patient plasma at baseline and end of cycle 1 was measured for 37 paired samples. Protein levels were measured using elISa based assays and expression normalized to plasma volume pancreatic cancer failed to reach their efficacy endpoints as study populations were not enriched for patients sensitive to anti-angiogenic therapy [33, 34] . this approach recently identified a small subset (about 8 %) of urothelial carcinomas which harbor tSC1 (tuberous sclerosis complex 1) mutations and thus are susceptible to the mtOr inhibitor everolimus [35] . Interestingly, a recent paper by reni et al. [36] reports clinical activity of another oral multi-kinase inhibitor, sunitinib, when given as a maintenance therapy in patients with metastatic pancreatic cancer after first-line therapy. this, together with observed clinical activity of vatalanib in our trial may warrant further investigations of vatalanib in the maintenance setting and/or in a biomarkerdefined subset of pancreatic cancer patients.
